It is well-recognized that fire has been a keystone ecological process for at least several centuries in forested landscapes of the southwestern United States Baisan 1996, 2003) , including the Jemez Mountains of northern New Mexico (Touchan et al.1996 , Allen 2002 ). An extensive network of dendrochronological fire history research sites has been developed in the Southwest (Swetnam et al. 1999) , with multiple study sites in many mountain ranges across the region (Fulé et al. 2003 , Swetnam and Baisan 2003 , Brown and Wu 2005 .
Tree-ring fire scar records document high-frequency surface fire regimes prior to ca. AD 1900 in most southwestern ponderosa pine forests, and in many mixed conifer forests (Swetnam and Baisan 1996) . Livestock overgrazing and active fire suppression caused sharp declines in regional fire activity from the late 1800s through the late 1900s (Swetnam and Baisan 2003) .
These patterns are mirrored at fire scar sites in the Jemez Mountains (Touchan et al. 1996 , Allen 2002 .
In contrast, comparable high-resolution sedimentary charcoal fire history sites are rare in the mountains of the Southwest. Several low-resolution (i.e., centennial-scale) records occur for the Kaibab Plateau of Arizona (Weng and Jackson 1999) and for the southern Rockies (Peterson 1981 (Peterson , 1985 Fall 1997) . Recently, however, a number of high-resolution records of fire have been produced (i.e., Bair 2004; Toney and Anderson 2006; Anderson et al., 2007a [submitted] Anderson et al., 2007b [submitted] ), which have the potential for reconstruction of fire event frequencies at decadal-scales. These Holocene-length records show periods of synchroneity in burning across broad spatial scales, suggesting the importance of climate in determining longterm changes in fire frequency here. topographic relief, with steep forested slopes extending 400 m above the bog. North-facing slopes are currently blanketed in dense mixed-conifer forest, dominated by Douglas-fir and aspen, but characteristically including ponderosa pine on the lower slopes, white fir and southwestern white pine in mid-slope stands, and grading into dominance by Engelmann spruce and corkbark fir at the highest slope positions. Understory species in these mesic forests are similar to those at Chihuahueños Bog. In contrast, the south-facing slopes exhibit open stands of ponderosa pine and Gambel oak (and a few small groups of mixed-conifer species) interspersed among grasslands and dry meadows. Selective logging has removed large trees from most of the south aspect hillslopes and all lower slopes near the bog, while the highest north aspect slopes were clearcut in the early 1970s (Figure 3 ). Like Chihuahueños Bog, the current surface cover of Alamo Bog is dominated by large sedges and grasses, prominently including the large wetland bunchgrass Deschampsia cespitosa. http://www.wrcc.dri.edu/summary/climsmnm.html). Maximum precipitation occurs during the July-August summer monsoon, recording nearly ½ the annual precipitation total. Winter (Dec, Jan or Feb) is usually the driest season, but spring (Apr, May, Jun) is also quite dry. The snowfree season is usually May through October, but snow can fall at any month at the Pararito Mountain site (Anderson et al. 2007b [submitted] ). 
Methods
Both Chihuahueños and Alamo bogs were cored in August 1996, after steel probing rods were used to find the deepest sediment deposits. A Livingstone corer was used to collect multiple cores at both sites. Cores were brought to the Laboratory of Paleoecology at Northern Arizona University for storage and analysis (Brunner-Jass 1999) . Chihuahueños Bog sediment cores CHB1 and CHB2 were taken ca. 2 m apart in the middle of the bog where the sediments were the thickest with a Livingstone corer. CHB1, the longer of the two cores, measured 465 cm. At Alamo Bog sediment cores AB3 and AB4 were collected from ca. 2 m apart, with the deeper core 4 extending 496 cm. The longest core at each site was initially selected for detailed laboratory analyses, including detailed stratigraphy, magnetic susceptibility, pollen, plant macrofossils, radiometric dating, and charcoal -see Brunner-Jass (1999) and Anderson et al. (2007a [submitted] ) for details on the standard methodologies used. Subsequently we sampled the upper portions of each replicate core for charcoal content. Multiple radiometric methods were utilized to date these cores. Radiocarbon dates were obtained from dating charcoal fragments or bulk sediments. Radiocarbon ages were calibrated to calendar ages using CALIB version 5.0 (Stuiver et al. 1998) . Gamma spectrometry was used to develop High-resolution charcoal records were developed from all four cores by sampling every cm downcore for charcoal (Brunner-Jass 1999 , Anderson et al. 2007a ). Charcoal extraction and analyses followed the methods developed by Whitlock and Millspaugh (1996) , with samples sieved through 125-µm and 250-µm screens. The two primary (long) cores were sampled at cm-resolution for the entire length of AB-3 and the upper 399 cm of CHB-1.
Charcoal concentrations were also sampled for the upper portions only from the two replicate cores (CHB-2 and AB-4), to allow comparison of reconstructed charcoal patterns between cores within a site. The top 99 cm of CHB-2 were sampled at cm-scale resolution, and the upper 68 cm of AB-4 were sampled at 0.5 cm-scale resolution. We used CHAPS (Charcoal Analysis Programs; see Whitlock and Anderson, 2003) to reconstruct long-term Fire Event Frequencies (FEF) for the charcoal records at these two bog sites. Fire "events" were determined for peak charcoal influx values that exceeded a threshold of 1.0 times the background charcoal influx rate, averaged across a 300-year moving window.
Fire-scarred conifer trees were located and sampled in the forests adjoining both Chihuahueños Bog and Alamo Bog (Figures 2, 3 ). Where possible, samples were selected to emphasize (a) clusters of fire-scarred trees, (b) fire-scarred trees close to and upslope of each bog, and (c) representative coverage of the area and the forest types near each bog. At Chihuahueños Bog logging in recent decades has removed most of the older trees from the gentle terrain surrounding the bog, leaving very little upland fire-scarred wood available to sample.
Thus the nearest fire-scarred samples were almost entirely found 100-300 m from the bog on the more exposed slopes of Chihuahueños Canyon, which drops off steeply just east the bog ( Figure   2 ). Chainsaws were used to collect whole or partial cross-sections from both live and dead trees using standard methods (Arno & Sneck 1977) . Full cross-sections were taken from dead trees and partial sections from live trees. Sampled species were primarily ponderosa pine, southwestern white pine, and Douglas-fir. All conifer samples were transported to the Laboratory of Tree-Ring Research at the University of Arizona, where they were prepared and crossdated according to standard dendrochronological procedures (Stokes & Smiley 1968) .
Seasonal position of fire scars was assigned based upon the relative position of individual scars within the annual growth rings. Dormant season fires, indicated by fire scars, were assigned to the subsequent year, based on the dominant occurrence of spring and early summer fires in the region (Barrows 1978 , Dieterich and Swetnam 1984 , Grissino-Mayer et al. 2004 ). Bog fire scars were successfully crossdated from 3 live and 10 dead trees, and at Alamo Bog from 9 live and 43 dead trees (Morino et al. 1998, and unpublished data) . In addition, the origin date of one aspen stand in the Alamo Bog watershed (Figure 3 with at least 10% of previously scarred sample trees recording a fire scar, and at least two trees scarred). indicating a spreading surface fire regime. For this period the mean interval between spreading fires was ~36 years, a long inter-fire interval compared to other mixed conifer forests in the Jemez Mountains (Touchan et al. 1996) . The most recent fires date to 1857 and 1902, with no subsequent fire activity recorded, which is consistent with regional and local landscape patterns of historic fire suppression Baisan 1996, Allen 2002) . Fire seasonality could be determined for 29 of 64 scars, distributed as 5 dormant, 15 early earlywood, 5 mid-earlywood, and 6 latewood. As observed elsewhere in the Southwest ( Mountains (Touchan et al. 1996) . In contrast, the mesic mixed conifer stands on the north aspects above Alamo Bog (n = 28 samples) show a longer mean fire return interval of ~20 years, with intervals ranging from 9-45 years. Despite lower frequencies, fire date synchrony among widely dispersed mesic subsite samples, and between xeric and subsite samples in many years (Figures 3, 4) , indicates that pre-1900 surface fires spread widely across this watershed.
Results and Discussion
Considering all sampled trees in this watershed yields a mean fire interval of ~12 years for the period AD 1644 -1879 (counting only the 23 years in which fires scarred at least 10% of previously scarred trees, with a minimum of two scarred trees), as the higher frequency xeric subsite samples drive the joint fire interval statistics.
In addition, tree-ring establishment dates were estimated to be 1880 (+/-2 years) for ten of thirteen sampled aspen trees from an aspen stand ~300m upslope of Alamo Bog (Figure 3 ). This corresponds well with the 1879 date of the last widespread surface fire in that area (Figure 4 ), suggesting that this particular aspen stand regenerated from a high-severity burn patch within the mixed-conifer forest matrix on that north-facing slope. The observed combination of old-growth conifer forest with basal fire scars present and interspersed even-aged aspen stands indicates that a mixed-severity fire regime (with both widespread surface fires and interspersed crown fire patches) historically characterized this mesic portion of the Alamo Bog watershed. with a statistical significance level > 99.9%. In addition, superposed epoch analysis shows a significant (>99%) tendency toward wet conditions two years prior to fire years, which is typical of high-frequency fire regimes in fuel-limited southwestern ponderosa pine ecosystems (Swetnam and Baisan 1996) , including sites in the Jemez Mountains (Touchan et al. 1996) . This two-year lag is thought to reflect the buildup of fine fuels (grasses, pine needles) from the wet years, enhancing the fuel connectivity that enabled widespread surface fire activity in subsequent dry years.
The ~ 9000 cal year Alamo Bog record displays extremely high concentrations of charcoal throughout most of the AB-3 core length (Figure 6b) , with particularly high influx values between ca. 300-4700 cal BP ( Figure 10a ). As at Chihuahueños Bog, the observed charcoal concentrations at Alamo Bog are often thousands of particles/cc, up to 40X greater than the peak deposition rates found in higher elevation lakes in this region (Anderson et al. 2007a [submitted]). As at Chihuahueños Bog, charcoal is essentially absent only from the topmost portions of the long Alamo Bog sediment core. Charcoal concentrations in the top 70 cm of replicate core AB-4 show the same basic patterning as upper core AB-3 (Figure 11 ), although we lack sufficient dating precision to be able to securely match concentration peaks and valleys.
There is a near complete absence of charcoal in the uppermost horizons of both cores, which by 210 Pb dating of AB-3 corresponds to fire cessation in the late 1800s, consistent with the fire-scar evidence that the last widespread local fire occurred in 1879.
At Alamo Bog the CHAPS analysis reconstructed an estimated FEF ranging around ~9 fire events/1000 years over the course of the past 8000+ years (Figure 10b 
2007a [submitted]
). In contrast, while surface runoff transport of substantial paleofire charcoal to at least the margins of Alamo Bog is plausible due to the steepness of the long adjoining slopes, the small Chihuahueños Bog watershed consists of gentle, low-relief terrain much less conducive to accelerated runoff and erosion processes. In addition, charcoal carried by overland flow to the edge of a bog is likely to be filtered out and deposited near the bog margins due to the low slope gradient and dense and hummocky vegetation cover on the bog surface, and, unlike for lakes, redeposition due to sediment focusing processes are less likely to occur. Thus much or all of such charcoal may not reach the deep sediments of the bog interior where core sampling typically occurs.
2) Uncertainty in the effect of taphonomic processes, such as consumption by fire or decay during dry conditions, and bioturbation.
Notwithstanding the complications listed above, the Chihuahueños Bog and Alamo Bog sediment cores both display extremely high charcoal concentrations throughout most of the Holocene, suggesting dominance of in situ charcoal production and deposition processes. In particular, the density of tall perennial bunchgrasses and sedges that dominate the surfaces of both bogs is continuous enough to sustain spreading fire through the dead and dry aerial components of this fine-textured fuel type (Allen, unpublished data), even if the bog surface itself is wet. Further, during severe drought episodes (when tree-rings record high probabilities of fire spreading widely through surrounding forest vegetation) the surface portions of these bogs can dry out (CDA, personal observation), also leaving the exposed organic surface sediments at risk to combustion if exposed to fire, or to oxidation and loss of organic mater. Some combination of frequent in situ burning of abundant fine aerial fuels and perhaps even surficial peat sediments could readily generate the high peak charcoal concentrations found in cores from interior portions of both of these bogs. These high peak and background levels of charcoal must be accounted for in the use of bog charcoal records to reconstruct the fire history of adjoining upland forests.
Additionally, the stratigraphic integrity of bog sediments can be physically disrupted by the footprints and wallows of animals (e.g., cattle, elk, and deer). Historically such bioturbation may be greatest during dry years when cattle (or native ungulates in the past) can walk farther into bogs without getting stuck (personal observation -CDA). This factor can be more important when a limited number of radiometric dates are obtained for a core, providing potential for substantial unrecognized temporal transpositions of charcoal-bearing sediments within the bog sediments of any given core sample, introducing unknown artifacts into fire history analyses. appropriate for high-frequency fire regime sites such as these because the CHAPS methodology, which treats charcoal peaks as synonymous with fire events, effectively constrains the number of identifiable event peaks, resulting in an unrealistically low estimate of FEF. In such cases, changes in the background concentrations of charcoal may be a more interpretable index of fire activity through time at the available temporal scales. Overall, at high-frequency fire sites it is not clear how variability in peak charcoal concentrations reflect fire frequency or severity.
The identification of these issues and constraints with interpretation of sedimentary charcoal fire records does not diminish their essential utility in assessing millennial scale patterns of fire activity. We note that there are also challenges associated with the interpretation of dendrochronological fire-scar records (Swetnam and Baisan 1996 , Swetnam et al. 1999 , Baker and Ehle 2001 , Van Horne and Fulé 2006 , although these are not the focus of this paper.
Summary and Conclusions
We have developed long-term records of high-frequency fire activity from paired and replicated charcoal and tree-ring proxies of fire at two moderate-elevation bog sites in the Jemez Mountains, northern New Mexico. In this paper we use these records to: 1) Demonstrate the replicability of the sedimentary charcoal record from multiple cores within a deposit;
2) Reconstruct variation in fire regimes and fire:climate relationships over millennial time scales at two historically frequent-fire sites;
3) Compare fire history methods and interpretations between tree-ring and charcoal proxies of fire occurrence at the individual sites; and 4) Consider the particular challenges of developing and interpreting fire histories from bog and wetland settings in the Southwest.
Our research may be the first to confirm the reproducibility of charcoal records from adjacent cores in a deposit. This provides greater confidence in our interpretation of long-term fire histories from sedimentary records (see Anderson et al. 2007a [submitted] ).
The paired charcoal/tree-ring methods provide complementary information that aids sitespecific interpretations, as shown by many other studies (see introduction). But unlike studies where fire is infrequent, and individual charcoal peaks correspond to distinct fire events, correspondence between documented fires in the tree-ring record and the sedimentary charcoal record is less precise at these frequent-fire sites from New Mexico. For instance, during the time period of overlap of the two methodologies, the sedimentary record considerably underestimates the fire event frequency, when compared to the tree-ring record. This suggests that, over the longer record, fire event frequencies for high-frequency records such as Chihuahuenos and Alamo Bogs may be underestimated by programs such as CHAPS. Thus, although we present analyses here using CHAPS, we place more emphasis on the trends in fire event frequencies, rather than on the absolute value itself, and we also interpret the temporal changes primarily in terms of changes in background concentrations of charcoal.
A number of additional challenges constrain joint interpretation of the long charcoal and shorter tree-ring records from these two particular bogs, and call for caution in directly linking The historic cessation of fire since ~AD 1900 seen in the paired and replicated charcoal and tree-ring records at these historically high-frequency fire sites is consistent with many other treering fire histories from the Jemez Mountains and the Southwest as a whole (Swetnam and Baisan 1996) , as well as the known regional histories of inadvertent fire suppression since the late 1800s due to livestock overgrazing and active fire suppression by land management agencies since the early 20 th century. The unique near-absence of modern charcoal deposition replicated both within and between these two bog sites, combined with high background and peak levels of charcoal throughout most of the rest of the Holocene records from these sites, increases the robustness of the interpretation that this post-1900 lull in fire activity is anomalous at millennial time scales for at least these two localities. Similar gaps in charcoal deposition from uppermost sediment horizons are being found at some other sediment core sites in the Southern Rocky
Mountains (Anderson et al. 2007a [submitted] ), even though these sites historically had lower frequency fire regimes. Determining the geographic extent of this pattern will require the development of regional networks of additional charcoal sediment records from sites historically subject to high-frequency fire (generally drier, low to mid elevation, unglaciated landscapes),
where it is hard to find unmanipulated, persistently wet basins that are needed to foster long-term sediment records. 
